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Abstract 
TiO2 and TiO2 / Au / reduced graphene oxide (rGO) nanocomposite thin films were grown by 
ultraviolet matrix assisted pulsed laser evaporation (UV-MAPLE) in controlled oxygen or nitrogen 
atmospheres. An UV KrF* excimer laser (λ=248 nm, τFWHM~25 ns, ν=10 Hz) was used for the 
irradiation of the MAPLE targets consisting of TiO2 nanoparticles (NPs) or mixtures of TiO2 NPs, 
Au NPs, and graphene oxide (GO) platelets in aqueous solutions. The effect of Au and GO addition 
as well as nitrogen doping on the photocatalytic activity of the TiO2 thin films was investigated. The 
evaluation of the photocatalytic activity was performed by photodegradation of organic methylene 
blue model dye pollutant under UV-visible light, “simulated sun” irradiation conditions. Our results 
show that the photocatalytic properties of TiO2 were significantly improved by the addition of Au 
NPs and rGO platelets. Nitrogen inclusion into the rGO structure further contributes to the 
enhancement of the TiO2 / Au / rGO nanocomposites photocatalytic activity. 
 
*Corresponding author, e-mail egyorgy@icmab.es, tel. +34 93 5801853 (ext. 369), fax. +34 93 5805729 
2 
 
1. Introduction 
 
Titanium dioxide (TiO2) has been widely investigated as a promising heterogeneous photocatalytic 
material for organic pollutants decomposition owing to its outstanding properties such as high 
photo-oxidative power, non-toxicity, chemical stability, and low cost [1, 2]. Air and wastewater 
decontamination technologies based on heterogeneous photocatalysts allow for the total 
mineralization of the majority of the organic pollutants (dyes, pharmaceutical and personal care 
produst), as well as biological pollutants (bacteria, viruses, fungi, algae, etc.) [3, 4]. The 
photodegradation of organic pollutant compounds is mostly conducted under UV-illumination [2]. 
Indeed, due to its large band gap, 3.2 eV, the optical absorption of TiO2 is limited to the UV 
spectral region, which represents only about 5% of the total solar radiation. The photocatalytic 
activity of TiO2 is further constrained by the fast recombination of the photo-generated charge 
carriers [2]. Various attempts have been made to overcome these drawbacks and to improve the 
efficiency of the photocatalytic processes. The investigations were focused both on the extention of 
the absorption region of TiO2 to visible photons, about 42% of the total solar spectrum, as well as 
prevention of charge carrier recombination. The use of a large range of the solar spectrum is also 
mandatory for indoor applications of photocatalytic materials. Thus, cationic metal  [2, 5, 6] or 
anionic nonmetal ion doping [2, 5-7], as well as cationic and anionic co-doping [2, 5, 6] represents 
possible approaches to shift the absorption edge of TiO2 from UV towards the visible spectral 
region. However, the effect of dopants on the photocatalytic activity of the TiO2 base material is 
still controversial. Although dopant inclusion leads to significant band gap reduction of TiO2, the 
recombination rate of photo-generated charge carriers was found to increase or decrease with 
respect to the un-doped TiO2 as a function of the nature as well as concentration of the dopant 
materials [5, 7].  
 
To prevent electron-hole recombination reactions numerous studies have been focused on the 
addition of noble metal nanoparticles (NPs), Ag, Au, Pt, or Pd, which can act as scavengers for the 
photo-induced electrons improving this way the photocatalytic activity of TiO2 [2, 5, 6, 8]. 
However, photocatalytic activity was found to be determined not only by the amount and size of the 
noble metal particles supported on TiO2, but also by their distribution on the surface, properties 
which largely depend on the preparation conditions. Incorporation of conducting carbon 
nanomaterials in TiO2 is another approach to reduce recombination rate of charge carriers and to 
promote electron transport. In particular, carbon nanotubes (CNTs) were found to induce charge 
separation [9].  
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Recent investigations showed that reduced graphene oxide (rGO) platelets, a new carbon allotrope, 
have positive effect on the photocatalytic decomposition of organic pollutants [10-16]. Its oxygen 
containing functional groups make rGO a partially insulating wide band gap semiconductor-like 
material and thus, a promising potential candidate for photocatalytic applications [14, 15]. To this 
aim, several TiO2/rGO hybrid structures were proposed: TiO2 nanocrystals on rGO sheets [10, 11], 
TiO2/rGO composite thin films [12], or TiO2/rGO core-shell structures [13]. Nevertheless, the 
mechanisms leading to the enhancement of the photocatalytic performance of composite systems 
containing graphene-based materials are partly unclear and controversial. Moreover, new synthesis 
methods have to be developed for preparing high-quality composites, with tunable chemical 
compositions and controlled surface morphology. As known, most conventional rGO synthesis 
routes do not allow for an accurate control over these properties, which in turn determine the 
photocatalytic activity of the composite systems. Additionally, they imply high working 
temperatures, of around 1000 °C or the use of toxic chemical substances [17].  
 
In the present work we report the synthesis of TiO2 / Au / rGO composite thin films by a single-step 
laser-based technique, ultraviolet matrix assisted pulsed laser evaporation (UV-MAPLE) technique. 
The major benefits of layered catalyst are the improved resistance to agglomeration, mechanical 
robustness, they can be used in continuous-flow systems and can be easyly separated from the 
treated water after the decomposition of organic pollutants. As concerns laser deposition methods, 
they have numerous advantages over conventional techniques. The chemical composition and  
quantity of the transferred material can be controlled through the irradiation process parameters as 
laser pulse energy, number of subsequent laser pulses applied for the irradiation of the targets, as 
well as nature and pressure of the ambient gas in the irradiation chamber [18, 19]. Reduced 
processing time, high reproducibility, and very low risk of cross-contamination due to the use of 
light as energy source stands among other relevant advantages of the laser deposition methods. 
MAPLE technique was applied during the last years for the immobilization of carbon nano-entities 
[20], SnO2 [21] NPs, CdSe/ZnS core-shell quantum dots [22], TiO2 nanorods [23], CNTs [24, 25], 
GO platelets [26], and recently TiO2-rGO nanocomposites [27, 28]. In this work TiO2 and Au NPs, 
as well as GO platelets were used as base materials for the growth of TiO2, TiO2 / Au / rGO, and 
nitrogen doped TiO2 / Au / rGO composite thin films. We found that UV-MAPLE technique allows 
for the simultaneous reduction and nitrogen doping of the GO platelets. The photocatalytic 
performances of the prepared pristine TiO2 and composite films were tested by the decomposition 
of organic methylene blue (MB, C16H18ClN3S) model dye solutions under UV and visible light, 
simulated sun, irradiation conditions. Our results demonstrate that the photodegradation efficiency 
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of the synthesised materials was significantly enhanced as compared to the pure TiO2 samples both 
through the addition of Au NPs and GO platelets as well as nitrogen doping.  
 
 
2. Experimental 
 
The thin film growth was performed with the aid of a MAPLE workstation consisting of a stainless 
steel deposition chamber and a pulsed UV KrF* (λ = 248 nm, τFWHM = 25 ns) COMPexPro 205 
Lambda Physics excimer laser source. Anatase phase TiO2 NPs with an average diameter of around 
20 nm (Sigma Aldrich, 99.5%), GO sheets with about 1µm2 surface area (NanoInnova 
Technologies, Madrid, Spain) and Au NPs with an average diameter of around 100 nm (Sigma 
Aldrich, 99.5%) were used as base materials for the preparation of the MAPLE targets. The pure 
TiO2 and TiO2 / Au / GO nanocomposites thin films were prepared using dispersions in distilled 
water of 1 wt% TiO2 NPs and 1 wt% TiO2 NPs, 1 wt% Au NPs, and 5 wt% GO sheets, respectively. 
After thorough sonication, the dispersions were introduced immediately into a special double wall 
target holder and flash-frozen by circulating liquid nitrogen inside the holder walls. The targets 
were kept frozen during the irradiation experiments. The laser fluence was set at 400 mJ/cm2 and 
the laser pulse repetition rate at 10 Hz. The laser beam incidence angle on the target surface was 
chosen at 45°. During the irradiation process, the laser beam scanned the target surface over a 1 × 1 
cm2 area at a constant velocity of 2 mm s−1. A number of 104 subsequent laser pulses were applied 
for the deposition of each sample. BK7 glass plates with 1×1 cm2 surface area were used as 
substrates, placed parallel to the target at a separation distance of 4 cm. During the experiments the 
substrates were kept at a constant temperature of 50 °C with the aid of a PID EXCEL temperature 
controller. Before each experiment the irradiation chamber was evacuated down to a residual 
pressure of 10-3 Pa. Comparative sets of experiments were performed in controlled O2 or N2 
environments at pressure values in the range of (2-20) Pa.  
 
The surface morphology of the deposited films was investigated by scanning electron microscopy 
(SEM) with a FEI InspectS instrument, operated at up to 30 kV acceleration voltages. To obtain 
information about the chemical bonds between the elements, X-ray photoelectron spectroscopy 
(XPS) studies were performed with the aid of a SPECS XPS spectrometer (SPECS Surface Nano 
Analysis GmbH, Berlin, Germany), based on Phoibos 150 electron energy analyzer operated in 
constant energy mode. The instrument work function was calibrated to give a binding energy of 84 
eV for the Au 4f7/2 line of metallic gold. A nonmonochromatic X-ray source (MgKα line of 1253.6 
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eV) was used for excitation. and was run with 12.5 kV anode bias and 20 mA emission current 
(250W). The measurements were made in an ultrahigh vacuum at a residual pressure of around 10-7 
Pa. A SPECS FG20 flood gun was used for the charge neutralization. High-resolution spectra were 
acquired over smaller ranges of 20 eV using 0.05 eV step at 10 eV pass energy. The binding energy 
scale of the spectra has been corrected using the C1s line. A binding energy of 284.8 eV 
corresponding to the C=C bonds has been assumed to this purpose. The obtained data were 
analyzed using SDP32 XPS software (version 7.0; XPS International, Mountain View, CA). 
 
The photocatalytic activity of the TiO2 and TiO2 / Au / GO nanocomposite thin films was studied by 
measuring the concentration changes in time of organic MB dye in aqueous solution, under UV-VIS 
light – “simulated sun” (15% UV (365 nm) + 85% VIS (565 nm)) irradiation conditions. MB was 
applied as a model pollutant. The photodegradation reaction was carried out in a glass reactors. The 
samples were immersed in 20 mL solutions with 1.25 x 10-5 M (4 ppm) initial MB dye 
concentration (C0) in ultrapure water, with pH = 6.8. The solutions in the reactors were 
continuously stirred during the photodegradation experiments. The light source consisted of two 
F18 W/T8 (Philips) lamps emitting in the UV spectral range of 340-400 nm with maximum 
emission intensity at the wavelength of 365 nm, as well as a 18 W/865 (Philips) lamp emitting in 
the visible spectral range between 400 and 700 nm with maximum emission intensity at the 
wavelength of 565 nm. All these components were placed in an aluminium housing to prevent 
interfering of external light in the photodegradation experiments. Prior to the initiation of the 
photodegradation process, adsorption experiments were carried out under dark conditions. During 
the adsorption and photodegradation experiments, both performed under normal atmospheric 
conditions, the absorbance of the solution was measured at 665 nm wavelength, which corresponds 
to the peak absorbance of MB in the UV–visible spectral range. The measurements were performed 
with the aid of a Perkin Elmer spectrophotometer. Based on the MB dye concentration–absorbance 
calibration curve, both the adsorption capacity and photocatalytic efficiency (η) of the samples were 
calculated, using the formula η = (C0-C) x 100/C0, where C is the MB concentration in the aqueous 
solution in dark, prior to the photodegradation, or under UV-visible light irradiation during the 
photodegradation, measured at regular time intervals.  
 
 
3. Results and discussion 
 
The SEM image of TiO2 thin films deposited at 2 Pa O2 pressure is shown in Fig. 1a. As can be 
observed, the surface of the film is homogeneous, and consists of large spherical particles, with 
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sizes of hundreds on nm. The shape of the particles and their larger dimensions as compared to the 
initial TiO2 NPs used for the preparation of the MAPLE targets with diameters of around 20 nm, 
suggest that they were formed in liquid phase through the coalescence of the initial NPs, molten 
under the action of the laser pulses. On the surface of the TiO2 / Au / GO nanocomposite films (Fig. 
1b,c) both the GO platelets and spherical particles can be clearly distinguished. The surface 
morphology of the films was found to not be significantly influenced by the pressure or nature of 
the ambient gas, in the studied pressure range and irradiation conditions. 
 
In Fig. 2 we present the Ti2p XPS doublet of TiO2 / Au / GO nanocomposite thin films obtained in 
O2 (Fig. 2a) and N2 (Fig. 2b) atmospheres. The Ti2p3/2 line of the films is centered at 459.5 eV, 
corresponding to the value reported for stoichiometric TiO2 [29, 30]. This result indicates that the 
stoichiometry of the initial TiO2 NPs was retained during laser processing. Moreover, the similar 
shape of the spectra corresponding to the films deposited in O2 and N2 atmosphere, and the absence 
of chemical shifts of the Ti2p doublet as compared to the binding energy value of stoichiometric 
TiO2 reveal that no Ti-N or Ti-C bonds were formed during laser irradiation.     
 
The Au4f doublet of the TiO2 / Au / GO nanocomposite film deposited in O2 atmosphere is 
presented in Fig. 3. The position of the Au4f7/2 and Au4f5/2 peaks coincide with the values 
reported in the scientific literature for metallic gold [31]. The position and area of the peaks are 
similar for all samples, independently on the nature or pressure of the ambient gas in the irradiation 
chamber.  
 
In Fig. 4 we show the C1s spectra of a reference GO drop-cast sample, as well as TiO2 / Au / GO 
nanocomposite thin film. The C1s spectrum of the reference GO drop-cast sample (Fig. 4a) was 
deconvoluted in five lines, corresponding to (I) C=C bonds centered at 284.8 eV binding energy and 
(II-V) C-O bonds of the oxygen containing functional groups situated at higher binding energies 
[32-34]. The C-C bonds (I) is attributed to graphite-like sp2 C of the conjugated honeycomb lattice. 
The deconvoluted peaks centered at higher binding energy values are assigned to (II) C-O-C epoxy, 
(III) C-OH hydroxyl, (IV) C=O carbonyl, and (V) O-C=O carboxyl groups, respectively [32-34].  
 
As compared to the reference sample, the intensity of the lines situated at high energy side of the 
C1s spectrum corresponding to the TiO2 / Au / GO nanocomposite thin film obtained in 20 Pa O2 
presssure (Fig. 4 b) is significantly lower. This feature is attributed to the reduction of the number 
of oxygen containing functional groups after laser processing and immobilization of the GO plates. 
The reduction process is even more evident in case of the sample deposited in lower, 2 Pa O2 
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pressure (Fig.4c). The spectrum was deconvoluted in four lines corresponding to (I) C=C bonds, (II) 
C-O-C epoxy, (III) C-OH hydroxyl, as well as (IV) C=O carbonyl groups, respectively [32-34]. 
Even though the position of the lines (II-IV) is very similar in both C1s spectra, their intensity is 
much reduced in case of the sample deposited in 2 Pa O2 as compared to that obtained in 20 Pa O2 
atmosphere. Moreover, the O-C=O carboxyl groups, line (V) in the spectra of the reference GO and 
nanocomposite sample deposited in 20 Pa oxygen pressure, were reduced completely. 
 
Conversely, the high binding energy side of the C1s spectrum of the samples deposited in N2 (Fig. 
4d) is broadened as compared to those deposited in O2 atmosphere (Fig. 4c), indicating the nitrogen 
enclosure in the GO structure [35, 36]. As reported,  the contribution of the C=N and C-N bonds is 
expected at the high energy side of the C1s spectra, overlapping with the peaks associated to the 
oxygen functional groups [35, 36]. Indeed, the intensity of the lines situated at high binding 
energies is significantly higher in case of the samples deposited in N2 atmosphere (Fig. 4d) as 
compared to that obtained in low pressure oxygen (Fig. 4c), indicating the incorporation of 
nitrogen. The line (V) in Fig. 4d can be attributed to the presence of C-N bonds [35, 36], situated at 
binding energies similar to that corresponding to O-C=O bonds, i.e. line (V) in the spectra of the 
reference GO (Fig. 4a) and nanocomposite samples deposited in 20 Pa O2 atmosphere (Fig. 4b). 
 
For a more quantified estimation of the reduction process the AII/AI, AIII/AI, and AIV/AI XPS peak 
area ratios were calculated (Fig. 5a). The reduction of all oxygen containing functional groups can 
be observed in case of TiO2 / Au / GO nanocomposite thin film deposited in 20 Pa O2 atmosphere as 
compared to the reference, non-irradiated drop-cast GO sample. The reduction process is even more 
relevant at low, 2 Pa oxygen pressure. The less efficient reduction in high oxygen pressure could be 
attributed to re-oxidation processes of the oxygen contacting functional groups during the transit of 
the laser ablated material from the target towards the substrate surface. Until certain extent the laser 
induced reduction process, leading to the formation of rGO is similar to the reported photocatalytic 
reduction of GO platelets in the presence of semiconductor metal oxides [37, 38]. These studies 
refer to UV xenon arc lamp assisted reduction of GO mixed with metal oxides and suspended in 
ethanol. On the other hand, the N inclusion into the GO structure is reflected by the gradual increase 
of the areas of the peaks situated at high binding energy side of the C1s spectra, lines II-IV, with the 
increase of the N2 pressure in the irradiation chamber (Fig. 5a).  
 
The N1s spectrum of the TiO2/ Au / GO nanocomposite thin film deposited in 20 Pa N2 atmosphere 
(Fig. 5b) was deconvoluted in three lines, assigned to nitrogen containing functional groups, which 
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superpose with the peaks of remaining oxygen functional groups. The lines are situated at (I) 400.4, 
(II) 402.2, and (III) 403.8 eV and can be attributed to (I) pyrrolic-N, (II) quaternary-N, amd (III) N-
oxides of pyridinic-N, respectively [35, 36, 39, 40]. The N-doped rGO structure, showing the 
chemical groups identified by XPS are represented schematically in Fig. 6. Pyrrolitic-N are nitrogen 
atoms (NI) bounded to two carbon atoms, quaternary-N atoms (NII) replace carbon atoms in the 
graphene plane, called also „graphitic nitrogen”, while in N-oxides of pyridinic-N (NIII) nitrogen 
atoms are bonded to two carbon atoms and one oxygen atom (Fig. 6). On the basis of the above 
discussion we can conclude that there exists no carbon or nitrogen doped TiO2 in the laser 
synthesized materials. The hybrid nanostructures are formed by TiO2, Au and nitrogen doped rGO.  
 
The results of the photodegradation studies are presented in Fig. 7. Prior to the photodegradation 
experiments the adsorption-desorption equilibrium of MB on the surface of the samples was 
achieved after 120 min. storage of the samples in the glass reactors, in dark. The adsorption 
capacity of the pure TiO2 samples was estimated to be very low, around 0.5 %, whereas that of the 
TiO2 / Au / GO nanocomposite thin film was found to be slightly higher, around 2.5 %, the most 
probably due to the presence of the GO platelets. Indeed, rGO platelets were found to have good 
adsorption capabilities for organic pollutants in aqeuous solutions, through strong π–π stacking and 
anion–cation interactions [41]. For the photodegradation experiments the samples were placed in 
glass reactors containing newly prepared MB solutions. The photocatalytic efficiency of the 
samples deposited in oxygen atmosphere increases with the inclusion of GO platelets and Au NPs 
with around 170 % over the pure TiO2 samples after the first 180 min of UV-visible light 
illumination (Fig. 7a). Moreover, the photocatalytic efficiency of the samples increases gradually 
with the increase of the nitrogen pressure as compared to that of the twin samples, deposited in 
oxygen atmosphere (Fig. 7a,b). Significant improvement of the photocatalytic activity of the 
samples was obtained, corresponding to an enhancement of around 260 % as compared to the pure 
TiO2 sample, in the case of the sample deposited at high, 20 Pa N2 pressure. These features show 
that photocatalytic activity of TiO2 NPs can be controlled and enhanced with the addition of rGO 
platelets and Au NPs, as well as with the inclusion of nitrogen into the structure of GO platelets.  
 
The photodegradation experiments were conducted under mixed UV and visible light, “simulated 
sun” irradiation conditions. The UV component, with the maximum emission intensity at the 
wavelength of 365 nm corresponding to 3.4 eV photon energy, greater than the band gap of TiO2, 
3.2 eV, excites electrons from the valence band to the conduction band and generates positive holes 
in the valence band (Eq. 1): 
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 TiO2 + hv → TiO2(e- + h+)     (1)  
 
Positive holes can oxidize water molecules adsorbed at the films’ surface to produce hydroxyl 
radicals (Eq. 2). The hydroxyl radicals can subsequently oxidize organic pollutants producing 
mineral salts, CO2 and H2O (Eq. 3): 
 
H2O + TiO2( h+) → •OH + H+    (2) 
•OH + pollutant → H2O + CO2 + salts  (3) 
 
Part of the generated charge carriers can be trapped as Ti3+ and O− defect sites in the TiO2 lattice. 
However, the lifetime of the charge carriers is very small, they recombine rapidly, dissipating 
energy within a few ns [42]. rGO thanks to its electrical transport properties endowed by the π-π 
conjugation structure and very low amount of oxygen contaning functional groups resembling 
graphene, contributes to the separation of the electrons and holes, promotes the electron transport 
within the film, while the holes form active hydroxyl radicals in aqueous media (Eq. 2), that further 
oxidise the organic pollutants (Eq. 3). All these processes lead to the enhancement of the materials’ 
photocatalytic performance [43-45]. Nitrogen inclusion further improves the electrical conductivity 
of rGO [46, 47], which leads to more effective separation of photo-generated charge carriers, 
preventing recombination, and consequently to increased photocatalytic efficiency.  
 
Moreover, the photogenerated electrons transported across the rGO sheets react with the adsorbed 
O2 on the surface to form superoxide radical anion (O2•−) (Eq. 4) for the future photocatalytic 
degradation of organic pollutants (Eq. 5): 
 
O2 + rGO(e-) → O2•−       (4) 
O2•−  + pollutant → H2O + CO2 + salts  (5) 
 
 
rGO platelets contribute also to the generation of electron-hole pairs both under UV and visible 
light irradiation (Eq. 6): 
 
rGO + hv → rGO(e- + h+)    (6) 
 
Furthermore, as predicted by theoretical ab initio calculations, the visible light response of 
rGO/TiO2 systhems could be attributed to the electron transferred from rGO to the conduction band 
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of TiO2 [48]. The resulting photogenerated electron-hole pairs are then well-separated, leading to 
photocatalytic activities well beyond that of pure TiO2 through the reduced electron-hole pair 
recombination [48, 49]. Moreover, deposition of noble metals on the surface of TiO2 enhances the 
photocatalytic efficiency both under UV and visible light irradiation. The noble metal NPs promote 
interfacial charge transfer acting as electron scavengers and therefore delaying recombination of the 
photo-generated electron–hole pairs [2, 5, 6]. 
 
Our results demonstrate that laser techniques allow for the synthesis and immobilization of 
nanocomposites consisting of TiO2, Au NPs, and rGO, as well as TiO2, Au NPs, and N-doped rGO, 
in a single processing step. Through the nature and pressure of the ambient gas the GO reduction 
process and the formation of the nitrogen containing functional groups can be controlled, which in 
turn determine the functional properties of the synthesized nanocomposite materials. Moreover, 
recycling of the catalyst from aqueous solution subsequently to the photodegradation processes 
represents a critical point for their long-term use in industrial applications, due to the high cost of 
complicated separation process and the reduction of the photocatalyst activity during the succeeding 
photodecomposition processes. The laser immobilized nanocomposites can be easily isolated from 
the solutions after the photodegradation process and reused in subsequent degradation cycles.  
 
 
Conclusion 
 
Pure TiO2, TiO2 / Au / rGO,  as well as nitrogen doped TiO2 / Au / rGO nanocomposite thin films 
were obtained by UV-MAPLE technique. The reduction process and chemical doping of GO during 
laser irradiation was investigated by XPS. Oxygen functional groups containing C-O-C epoxy, C-
OH hydroxyl, C=O carbonyl, and O-C=O carboxyl bonds were partially reduced during laser 
processing and immobilization of the GO platelets. The reduction process was determined by the 
ambient oxygen pressure in the laser irradiation chamber. Nitrogen was included into the rGO 
structure as pyrrolic-N, quaternary-N, and as N-oxides of pyridinic-N during laser irradiation in 
nitrogen atmosphere. The photocatalytic activity of the TiO2 / Au / rGO nanocomposite materials 
synthesized in oxygen atmosphere was improved with around 170 % as compared to pure TiO2. 
Moreover, the gradual incorporation of nitrogen into the rGO structure was achieved through the 
control of the ambient nitrogen gas pressure, leading to materials with enhanced photocatalytic 
efficiency, around 260 % higher as compared to pure TiO2.    
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Figure caption 
 
Fig. 1. Scanning electron microscopy images of (a) TiO2 thin film obtained by the irradiation of a 
MAPLE target containing 1 wt% TiO2 NPs in 2 Pa O2 and (b, c) TiO2 / Au / GO nanocomposite 
thin film obtained by the irradiation of a MAPLE target containing 1 wt% TiO2 NPs, 5 wt% GO 
platelets, and 1 wt.% Au NPs in 2 Pa O2 atmosphere. The experimental parameters used for the 
growth of the thin films were 400 mJ/cm2 laser fluence, 10 Hz the laser pulse repetition frequency, 
104 the number of laser pulses, and 50 °C substrate temperature. 
 
Fig. 2. Ti2p XPS spectra of TiO2 / Au / GO nanocomposite thin film obtained by the irradiation of a 
MAPLE target containing 1 wt.% TiO2 NPs, 5 wt.% GO platelets, and 1 wt.% Au NPs in (a) 2 Pa 
O2 and (b) 20 Pa  N2 atmosphere. The experimental parameters used for the growth of the thin films 
were 400 mJ/cm2 laser fluence, 10 Hz the laser pulse repetition frequency, 104 the number of laser 
pulses, and 50 °C substrate temperature. 
 
Fig. 3. Au4f XPS spectrum of TiO2 / Au / GO nanocomposite thin film obtained by the irradiation 
of a MAPLE target containing 1 wt.% TiO2 NPs, 5 wt.% GO platelets, and 1 wt.% Au NPs in 2 Pa 
O2 atmosphere. The experimental parameters used for the growth of the thin films were 400 mJ/cm2 
laser fluence, 10 Hz the laser pulse repetition frequency, 104 the number of laser pulses, and 50 °C 
substrate temperature. 
 
Fig. 4. C1s XPS spectra of (a) reference drop-cast GO sample and  TiO2 / Au / GO nanocomposite 
thin film obtained by the irradiation of a MAPLE target containing 1 wt.% TiO2 NPs, 5 wt.% GO 
platelets, and 1 wt.% Au NPs in (b) 20 and (c) 2 Pa O2 atmosphere as well as (d) 20 Pa  N2 
atmosphere. The experimental parameters used for the growth of the thin films were 400 mJ/cm2 
laser fluence, 10 Hz the laser pulse repetition frequency, 104 the number of laser pulses, and 50 °C 
substrate temperature. 
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Fig. 5. (a) Relative XPS peak areas of (II) C-O-C epoxy, (III) C-OH hydroxyl, (IV) C=O carbonyl, 
and (V) O-C=O carboxyl bonds, normalized to the (I) C=C sp2 component of the C1s spectra of the 
reference GO sample, and  TiO2 / Au / GO nanocomposite thin film obtained by the irradiation of a 
MAPLE target containing 1 wt.% TiO2 NPs, 5 wt.% GO platelets, and 1 wt.% Au NPs in 20 Pa O2, 
2 Pa O2, 2 Pa N2, and 20 Pa N2 atmosphere. (b) N1s XPS spectrum of TiO2 / Au / GO 
nanocomposite thin film obtained by the irradiation of a MAPLE target containing 1 wt.% TiO2 
NPs, 5 wt.% GO platelets, and 1 wt.% Au NPs in 20 Pa  N2 atmosphere. The experimental 
parameters used for the growth of the thin films were 400 mJ/cm2 laser fluence, 10 Hz the laser 
pulse repetition frequency, 104 the number of laser pulses, and 50 °C substrate temperature. 
 
Fig. 6. Schematic representation of the N-doped rGO structure, showing the with chemical groups 
identified by XPS: (OI) C-O-C epoxy, (OII) C-OH hydroxyl, (OIII) C=O carbonyl, (OIV) O-C=O 
carboxyl, (NI) pyrrolic-N, (NII) quaternary-N, (NIII) N-oxides of pyridinic-N. 
 
Fig. 7. Photocatalytic degradation rate of MB (a) after 180 min and (b) at regular reaction time 
intervals in the presence of TiO2 obtained by the irradiation of a MAPLE target containing 1 wt% 
TiO2 NPs and TiO2 / Au / GO nanocomposite thin films obtained by the irradiation of a MAPLE 
target containing 1 wt% TiO2 NPs, 5 wt% GO platelets, and 1 wt.% Au NPs deposited in O2 or N2 
atmosphere and submitted to 15 % UV and 85 % visible light irradiation. The experimental 
parameters used for the growth of the thin films were 400 mJ/cm2 laser fluence, 10 Hz the laser 
pulse repetition frequency, 104 the number of laser pulses, and 50 °C substrate temperature. 
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